Background {#Sec1}
==========

*Acinetobacter baumannii* is an important Gram-negative nosocomial pathogen often associated with severe nosocomial infections, including ventilator-associated pneumonia, urinary tract infections, bacteremia and septicemia, especially in patients hospitalized in intensive care units \[[@CR1],[@CR2]\]. *A. baumannii* is highly resistant to several antimicrobial agents, conferred mainly by intrinsic expression of cephalosporinase and efflux pumps, and by formation of biofilms \[[@CR3]\]. The biofilms of *A. baumannii* lead to a reduction in the accumulation of antibiotics in the biofilm polymeric matrix \[[@CR4]\]. Biofilms are also associated with survival properties, virulence expression and bacterial communication \[[@CR5],[@CR6]\]. Recent studies indicate biofilm development is related to quorum sensing. Quorum sensing is an important global regulatory system in bacteria that provides a mechanism to coordinate the behavior of individual bacteria in a population \[[@CR7]\]. Biofilms provide a tertiary structure for bacterial communication mediated by quorum sensing pathways. A number of signaling molecules with the ability to modulate quorum sensing-dependen enzymes are known as regulators for biofilm formation \[[@CR8],[@CR9]\]. In Gram-negative species, acyl-homoserine lactones (AHLs) are mainly employed as autoinducers used by bacteria to control biofilm formation and maintenance \[[@CR10],[@CR11]\]. Along with many kinds of AHLs, the production of C6-HSL was previously found in *A. baumannii* clinical isolates \[[@CR12]\], and most Acinetobacter strains showed very weak degradation activity against C6-HSL \[[@CR13]\].

Pili of *A. baumannii* are encoded by the csuA/BABCDE chaperone-usher assembly system, which is controlled by a two-component regulatory system encoded by *BfmS* and *BfmR*. It was previously shown that *BfmR* is essential for stabilization of *csu* operon expression and the expression of *csuC* and *csuE* genes is involved in the initial surface attachment during biofilm formation \[[@CR5],[@CR14]\]. These data suggest *A. baumannii* pili are a key factor in biofilm formation. Although quorum sensing and bacterial pili have been implicated in *A. baumannii* biofilm formation, there is very little known about the mechanism surrounding these signal molecules, *csuA/BABCDE*-mediated pili and biofilms in *A. baumannii*. In this study, an analysis of the processes of pili production and surface attachment of *A. baumannii* ATCC19606 was initiated, including the associated gene expression of csuA/BABCDE chaperone-usher complex and their regulating genes (*BfmS*/*R*). In addition, we present evidence for a possible role of quorum sensing signaling molecules in the formation of biofilms on abiotic surfaces.

Results and discussion {#Sec2}
======================

Impact of C6-HSL on chaperone-usher complex expression {#Sec3}
------------------------------------------------------

The capacity of *A. baumannii* to form biofilms is a decisive advantage for its survival in the hospital environmental. Recent studies have linked biofilm development with quorum-sensing pathways and bacterial factors, such as *A. baumannii* pili \[[@CR15],[@CR16]\]. It is known that disruption of the *csuC* and *csuE* ORFs, which belong to the csuA/BABCDE bacterial pili structure gene cluster, results in non-piliated cells and abolishes cell attachment \[[@CR14]\]. However, the exact mechanism of how QS pathways and *csu* influence biofilm formation is unclear. To directly examine all the genetic components of the csuA/BABCDE, and their regulators, the *BfmS-BfmR* regulating system that includes response factor (*BfmR*) and sensor kinase (*BfmS*), we provide data on the comprehensive expression of the pili structure gene cluster and the impact of C6-HSL on this chaperone-usher secretion system. Our results showed expression of bacterial pili structure genes, including *csuA/B*, *csuA*, *csuB*, *csuC*, *csuD* and *csuE*, significantly increased after addition of 100 μmol/L C6-HSL, and the transcript levels of the csuA/BABCDE chaperone-usher complex were increased \>1.5-fold over the control group (*P* \< 0.05, Figure [1](#Fig1){ref-type="fig"}). Furthermore, at the same experimental conditions, expression of chaperone-usher regulators (*BfmS* and *BfmR*) were higher than those of the control strain, and the regulators were increased approx 1.33-fold (*P* \< 0.05, Figure [2](#Fig2){ref-type="fig"}).Figure 1**Transcript levels of genes within the** ***csu*** **operon.** Quantitative RT-PCR assays of ATCC19606 cells grown in LB broth without AHLs (control) or with the addition of 100 μmol/L AHLs (C6-HSL). Transcription of each gene of the chaperone-usher complex were increased \>1.5-fold.Figure 2**Transcript levels of the csuA/BABCDE chaperone-usher complex regulating genes** ***BfmS/R.*** Quantitative RT-PCR assays of ATCC19606 cells grown in LB broth without AHLs (control) or with the addition of 100 μmol/L AHLs (C6-HSL). Both genes were increased approx 1.33-fold.

Subsurface twitching motility and transmission electron microscopy {#Sec4}
------------------------------------------------------------------

Despite the lack of flagella, *A. baumannii* can spread rapidly over surfaces, probably due to twitching motility \[[@CR17]\]. Twitching is a form of surface motility mediated by type IV pili \[[@CR18]\]. In *Pseudomonas aeruginosa*, twitching has been implicated in biofilm development \[[@CR19]\] and a correlation has been found between twitching motility activity and biofilm production \[[@CR20]\]. To determine whether C6-HSL affects bacterial twitching motility, we performed a subsurface twitching assay at the agar/glass interface comparing the diameter of twitching motility zones between the control group and *A. baumannii* treated with 100 μmol/L of C6-HSL. The results showed that *A. baumannii* co-cultured with 100 μmol/L C6-HSL had markedly increased movement from 1.75 to 8.38 mm in 24 hours (*P* \< 0.05, Figure [3](#Fig3){ref-type="fig"}), which may result from enhanced twitching motility. Transmission Electron Microscopy (TEM) was used to confirm that pili formation in *A. baumannii* cells was stimulated by C6-HSL. The TEM showed there were abundant pili-like structures around the bacteria treated with C6-HSL, while structures of pili were not observed on the top of the control bacterial cells (Figure [4](#Fig4){ref-type="fig"}).Figure 3**Impact of C6-HSL on twitching motility.** Four individual colonies grown on separate plates incubated at 37°C for 24 h. The twitching zones were stained and their diameters measured at least three times. Results shown represent the means ± standard deviations.Figure 4**TEM images of an** ***A. baumannii*** **bacterium grown in solution with or without C6-HSL.** TEM images were captured at magnification of ×12,000 (left column) and at ×15,000 (right column). **(a)** 12, 000-power magnification and **(b)** 15,000-power magnification of bacterial cell grown on glass slips incubated in MH broth without shaking over night at 37°C. **(c)** 12,000-power magnification and **(d)** 15,000-power magnification of bacteria cell growth in MH with 100 μmol/L C6-HSL forms obvious pili-like structures.

Confocal laser scanning microscopy {#Sec5}
----------------------------------

If the increase in expression of bacterial pili seen in *A. baumannii* in response to C6-HSL is responsible for enhanced twitching motility, maintaining this quorum sensing stimulation in pili expression should obviously increase the capacity of the bacteria to form biofilms. With 100 μmol/L C6-HSL conditions, *A. baumannii* ATCC19606 was shown to form mature biofilms faster than the control group grown in MH medium, which yielded undeveloped biofilms. The results of the confocal laser scanning microscopy (CLSM) show the total fluorescence intensity of biofilms significantly increased in the C6-HSL group and the pili assembling from the surface of the cell was more abundant after C6-HSL stimulation (Figure [5](#Fig5){ref-type="fig"}).Figure 5**Impact of C6-HSL on** ***A. baumannii*** **ATCC19606 biofilm formation.** The three-dimensional reconstruction of biofilms **(a)** in MH medium and **(b)** with 100 μmol/L C6-HSL added into MH medium were reconstructed after 4 days cultured without shaking at 37°C. The total fluorescence intensity, including **(c)** fluorescence volume and **(d)** fluorescence area was analyzed, and the results were averaged from three randomly selected positions of each sample.

A recent study \[[@CR21]\] reported that a strain of *A. baumannii* with a *BfmS* knockout displayed a reduction in biofilm formation, loss of adherence to eukaryotic cells and greater sensitivity to serum killing. Our results demonstrated the expression of *BfmS* and *BfmR* regulated their target genes, the family of csuA/BABCDE chaperone-usher secretion system genes, to produce and assemble bacterial pili. Taken together, the result that the csuA/BABCDE chaperone-usher secretion system was essential to bacterial loci encoding secretion and surface motility (required in the early steps of biofilm formation) combined with our twitching assay results led us to conclude C6-HSL may promote *A. baumannii* pilus biosynthesis and assembly, as well as strain twitching ability, thereby ensuing formation of biofilms. However, QS signaling molecules are chemically diverse and many bacteria possess more than one AHL synthase \[[@CR22]\]. In *A. baumannii,* many other QS signaling molecules have been verified, such as 3-oxo-C12-HSL, 3-hydroxy-C12-HSL and C8-HSL \[[@CR12],[@CR23]\]. It is important to keep in mind that we focused only on the impact of C6-HSL on *A. baumannii*, which limited our study. In the future, it would be important to test other AHLs commonly produced by *A. baumannii* and other bacteria.

Conclusion {#Sec6}
==========

In summary, we provided data demonstrating how, increased expression of *BfmS* and *BfmR*, the QS signaling molecule C6-HSL enhanced expression of the chaperone-usher secretion system, and that bacterial pili are required for twitching motility in *A. baumannii*. Furthermore, the concomitant pili expression and strain twitching allowed *A. baumannii* to easily attach to abiotic surfaces and form biofilms at an earlier timepoint. QS signaling molecules are required for cell attachment to solid surfaces and the development of biofilms. Our study describes the biofilm formation of *A. baumannii* in response to a QS signaling molecule, a finding that provides a comprehensive insight into the role of bacterial pili, which play a key role in bacterial biofilm development.

Methods {#Sec7}
=======

Strains and culture conditions {#Sec8}
------------------------------

*A. baumannii* ATCC19606 was routinely growth in Luria--Bertani (LB) broth. Strains were grown at 37°C with shaking (220 rpm). *N*-Hexanoyl-L-homoserine lactone (C6-HSL, C~10~H~17~NO~3~, 100 μmol/L), purchased from Cayman (Cayman Chemical, Ann Arbor, MI, USA), was added to LB broth for co-culture with *A. baumannii*. Cells were harvested 12 h after inoculation, resuspended in Trizol reagent (TaKaRa, Japan) and stored at −80°C until use.

RNA isolation and quantitative RT-PCR {#Sec9}
-------------------------------------

Following the manufacturer's recommendations, RNA was extracted using the MiniBEST Universal RNA Extraction Kit (Takara Bio, Shiga, Japan) and then the RNA concentration was adjusted before reverse transcription to avoid differences in gene expression due to different initial amounts of template. After RNA reverse transcription using One Step PrimeScript™ RT-PCR Kit (Takara Bio, Shiga, Japan), Quantitive Real-Time PCR (qRT-PCR) was performed by LightCycler®480 System ((Roche Diagnostic Systems, Mannheim, Germany). The primers used in this study are listed in Table [1](#Tab1){ref-type="table"}. All qRT-PCR assays were repeated at least three times.Table 1**Oligonucleotides used for qRT-PCR in this studyLocus tagForward primer (5′-3′)Reverse primer (5′-3′)16s DNA\***GTAATACAGAGGGTGCGAGCGTTTCTAGCTGACCAGTATCGAATGCA***csuA/B***CAGCAGCAACAGGTGGCAATAAAGGTTTGTACGTGCAGCATCA***csuA***TATTGCCTTCTTGTTCTGCAGTTGAAATACCAGCAC***csuB***TATGCAGCAGATCCTCAGTAAACTTTCCGTACAACG***csuC***TGGTCAGAAGTTTGCGCGTCACCAGAACTGTCCACACCATAAATT***csuD***CCGGTTCCCTAATTTATATGGCATAAGGCGTCACCGATGGCA***csuE***GCTTGGCTTTAGCAAACATGACCATTGCCATCAGGCCCGCTA***BfmS***ACCGCCCGTAATCCGAACTGAACTTATTCCACCGCCTTTA***BfmR***GTTTAACCGTTTGTCGTGGTGGTTGAACTGGTTTCG\*Oligonucluotides used as references.

Subsurface twitching assay {#Sec10}
--------------------------

Surface-associated twitching motility was measured by a method described previously \[[@CR24]\]. Briefly, 100 μmol/L C6-HSL was added to Mueller-Hinton (MH) medium solidified with 1% agar. The *A. baumannii* colony was stab-inoculated through the agar to the underlying Petri dish and covered by a glass cover slip on the inoculation site. After incubation at 37°C for 24 h, the cover slips were carefully lifted up, washed with phosphate-buffered saline (PBS) and stained with 0.1% crystal violet (wt/vol) for 1 minute. To remove excess crystal violet, each cover slip was gently washed with PBS and allowed to dry. The visualized diameter of twitching motility zones in C6-HSL concentration and untreated MH were measured at least three times.

Transmission electron microscopy analysis {#Sec11}
-----------------------------------------

For TEM analysis, glass cover slips, lifted from MH culture medium, were immediately flooded with 2.5% glutaraldehyde and incubated at 4°C at least 2 h. Then, slips were rinsed with distilled water and dehydrated with increasing concentrations of ethanol ranging from 25 to 100% before being CO~2~ critical point dried. Samples were negative-stained with 1% phosphotungstic acid and visualized with HC-1 Hitachi TEM SYSTEM (Hitachi, Japan).

Biofilm formation and CLSM assay {#Sec12}
--------------------------------

A static biofilm formation assay was performed as described previously \[[@CR25]\]. Briefly, an overnight culture of *A. baumannii* ATCC19606 was subsequently diluted 100-fold in fresh MH broth in polystyrene microtiter plates (Corning, New York, NY, USA) with a sterilized glass cover slip in each well. C6-HSL (final concentration 100 μmol/L) was added, and the plates were incubated at 37°C for 4 days. After biofilms occupied the surface of slips, planktonic cells of *A. baumannii* were washed by PBS three times. SYTO® 9 Nucleic Acid Stain Acce (Invitrogen Corporation, Carlsbad, CA, USA) was used to label the biofilms developed by bacterial cells. After 15-min incubation with SYTO® 9, the cover slips were sealed for CLSM (DM IRE 2, Leica Microsystems, Germany). Under the particular wavelengths of 488 nm (absorption maxima) and 498 nm (emission maxima), each sample was scanned in at least three randomly selected positions, and the three-dimensional reconstruction of the biofilms was performed.

Data analysis {#Sec13}
-------------

T-test of independent sampler was performed to compare two groups by software SPSS 16.0 for Windows, and the *p* \< 0 .05 was considered statistically significant.
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